Study region: The middle hilly region of the Koshi River Basin in Nepal. Study focus: Assessment is made of the hydrological regime of the basin under climate change. Results from two Regional Climate Models (PRECIS-HADCM3Q0 and PRECIS-ECHAM05), based on IPCC-SRES A1B scenario, were bias corrected against historical gauged data. Hydrological impact simulations were conducted using SWAT model. Design flood estimation was done after extreme value analysis based on annual flow maxima. New hydrological insights for the region: The study found that climate change does not pose major threat on average water availability. However, temporal flow variations are expected to increase in the future. The magnitude of projected flow for given return periods, however, strongly depends on the climate model run considered. The ECHAM05 results show higher flow changes than those estimated from the HADCM3 outputs. A relation was derived to estimate projected flood flow as a function of return period and flow estimated from historical series. Amidst the uncertainties, these predictions provide reasonable insight for re-consideration of design standards or design values of hydraulic structures under climate change.
Introduction
The Koshi River is a trans-boundary river originating in China and passes through Nepal and finally meets the Ganga-River in India. The total catchment area of the river at its confluence with Ganga is 74,030 km 2 (FMIS, 2012) . About 43% of this total area lies in China, 42% in Nepal and the remaining 15% in India (Sharma, 1997; FMIS, 2012) . The Koshi River drains most of the eastern part of Nepal.
Livelihood of hundreds of millions of people of Nepal and India is dependent on the water availability in the Koshi River and, at the same time, frequent floods and drought have rendered millions vulnerable to their impacts (Chen et al., 2013) . With the changing development trajectories of these countries, rapid development that includes urbanization, construction of roads and buildings, industrial development have taken place in recent years in the lower part of the basin. These activities are going to continue in the future as well. As in other parts of the world, long term water resources management is, thus, becoming a key driver for sustainable development of this region to meet the growing water demand for domestic, irrigation, fisheries and industrial uses, and mitigating the distressing impact of the water induced disasters, mainly floods. hard and soft approaches to face and overcome the challenges of the water resources management activities in the basin in the context of climate change.
This study assesses the changes in the hydrological regime of the Koshi River Basin with and without climate change using the Soil and Water Assessment Tool (SWAT model) . This model has been widely used to assess the climate change impacts on the hydrological regime of various catchments across the world (Bharati et al., 2012; Gurung et al., 2013; Narsimlu et al., 2013; Lubini and Adamowski, 2013; Singkran et al., 2014; Bossa et al., 2014; Fontaine et al., 2002) . Considering the projected data availability, for this purpose the results from two regional climate models based on the IPCC SRES greenhouse gas emission scenario A1B were used to assess the future climatic conditions (IPCC, 2007) .
Study area: The Koshi River Basin
The Koshi River has three main tributaries viz. Tamor in the eastern part, Arun in the middle and Sunkoshi in the western part of the basin. The Sunkoshi River consists of 5 major tributaries: the Indrawati, the Bhote-Koshi, the Tama Koshi, the Likhu and the Dudh Koshi (Fig. 1) . The Sun-koshi, the Arun and the Tamor meet at Tribenighat, flow through Barahkshetra gorge for a length of about 15 kms and enters into the Terai Region (plains) of Nepal after Chatara.
The Koshi River Basin covers three major ecological zones of Nepal with a transverse length (north-south) of about 150 km. These zones are: (i) Snow covered Himalaya in the north, (ii) hilly region in the middle and (iii) plain region of Terai in the south. The variation of altitude in this short north-south reach is quite sharp ranging from 95 m to 8848 m. The High Himalayan region of the Koshi basin within Nepal is about 8220 km 2 (>3000 m) where glacial lakes are common. ICIMOD (2011) mapped 599 glacial lakes in the Koshi Basin covering an area of 26 km 2 .
The upstream Himalaya part of the Koshi Basin covers an area of about 17,620 km 2 , mainly covered with forests and agricultural land. This region is the high rainfall receiving zone of the basin. The downstream part in the Terai region of Nepal covers an area of 2000 km 2 before it enters into Indian Territory. The Terai region is highly populated. Agricultural land occupies the main part of this plain. This study focused on the middle, hilly part of the basin. Because this region is a high rainfall receiving zone, rainfall-runoff (hydrologic simulation) study needs to be carried out to assess the impact of the climate change on the hydrology. The SWAT model was employed to assess the impact on the basin hydrology, and the Snow Runoff Model (SRM) for quantifying the boundary flows from the Himalayan region. Given that snow and glacial hydrology are dominant in the Himalayan region, SRM modeling was performed to comprehend the snowmelt phenomenon dividing the Himalayan catchment into five sub-catchments; see Khadka et al. (2014) for details. 
Materials and methods

Hydrologic simulation
A semi-distributed, time continuous watershed model, Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998; SWAT, 2005) was used for rainfall-runoff modeling in this study. Conceptually, SWAT divides a watershed into sub-watersheds. Each sub-watershed is connected through a stream channel and further discretized into Hydrologic Response Units (HRUs). A HRU is a unique combination of soil and vegetation type in a sub-watershed, and SWAT simulates the hydrological variables and runoff results at the HRU level and aggregates these results to the catchment scale by applying a weighted average to the HRU results. The runoff is routed to obtain the total runoff for the watershed at the outlet.
The SWAT model for Koshi Basin was set up with the Arc SWAT2009 interface (Neitsch et al., 2011) . The data required for the model implementation and the steps involved are briefly discussed below. Coefficient of Determination (R 2 ) and Nash-Sutcliffe Simulation Efficiency (E NS ) were used as the goodness of fit measures during calibration and validation of the model.
Data used in simulation
3.2.1. Topographic, land use and soil data Topographic, land use and soil map data are the spatial data required for hydrological simulations using the SWAT model. The topography of the basin is defined by the Aster GDEM v2.0 1 Digital Elevation Model (DEM) for the Koshi River Basin. It has a spatial resolution of 30 m. Fig. 2 shows this DEM.
Landuse data for the study area were obtained from the Department of Survey, Nepal (SD, 1996) . Reclassification of the landuse map was done and the respective model parameters were selected from the SWAT database corresponding to the specific landuse/cover types. Fig. 2 shows the landuse map for the Koshi River Basin. The FAO soil map 2 was applied and the soil data properties obtained from the FAO soil properties database (FAO, 2002) . Refer Fig. 2 .
Historical time series data
Historical meteorological and hydrological data were collected from the Department of Hydrology and Meteorology (DHM), Government of Nepal (DHM, 2012) . The meteorological data used for the SWAT modeling were daily precipitation, daily maximum and minimum temperature, daily relative humidity, wind speed and sunshine hours. Gauged flow data were used in the model for two purposes; first to define inlet discharge points for the basin to simulate the existing conditions and second for performing sensitivity analysis, calibration and validation of the model at the outlet. Since the SWAT model was used for the hilly part of the basin, inlet discharge points were defined in the model at five points ( Fig. 3) to incorporate the flow generated from the mountainous/snow-covered part of the basin.
Projected future climate data
Simulation results for the region from two Regional Climate Models (RCMs), PRECIS-HADCM3Q0 and PRECIS-ECHAM05, were used in this study to generate the future flows. They both are based on the IPCC greenhouse gasses emission scenario (SRES) A1B. Detailed discussion of these models is provided in ADPC et al. (2012) . The RCM outputs were considered for the baseline period 1976-2000 and for the future period 2040-2060. The two RCM models are hereafter denoted as ECHAM05 and HADCM3. Spatial resolution of the data is 25 km. Bias correction of the climate data (rainfall and mean, maximum and minimum temperature) was done against gauged historical data. Recently, several studies focused on methods for bias correction of climate model outputs prior to use in hydrological impact studies. In comparison with the basic method of bias correcting the mean, more advanced methods are recommended bias correcting both the mean and the variance, and -for rainfall -bias correcting a range of quantile values versus probability (Sunyer et al., 2014) . Methods have been developed to conduct this quantile based bias correction in a non-parametric (Gudmundsson et al., 2012; Ntegeka et al., 2014) or parametric way (Rana et al., 2014; Terink et al., 2010; Leander and Buishand, 2007) . In order to capture the dayto-day climatic variability, the parametric Power Transform method for precipitation and the mean and standard deviation adjustment for temperature were opted in this study following their impressive performance in the Meuse river basin (Leander and Buishand, 2007) and the Rhine river basin (Terink et al., 2010) . Further, Mean Bias Error (MBE) and Root Mean Square Error (RMSE) of uncorrected and bias corrected versus observed values were considered for spatial evaluation of bias correction, as opted by Terink et al. (2010) . For temporal bias, coefficient of determination (R 2 ) has been considered to evaluate the performance of the bias correction. Monthly precipitation values for 1976-2000 in each region were considered for evaluating the statistics. Significant improvement on R 2 values for both hilly and mountain regions have been obtained between observed and bias corrected precipitation data [R 2 = 0.26 to 0.61 for HADCM3 and 0.34 to 0.62 for ECHAM for SWAT domain; similarly R 2 = 0.38 to 0.73 for HADCM3 and 0.36 to 0.72 for ECHAM for SRM domain]. MBE and RMSE were also improved significantly for both models and regions.
Flow simulation
Model setup
To account for the flow contribution from the mountainous part of the basin, the region was divided into five sub-basins. Outlets of these sub-basins were defined in SWAT as inlet points, viz. Majhitar for Tamor sub-basin, Uwagaon for Arun sub-basin, Rabuwa Bazar for Dudh Koshi sub-basin, Busti for Tama Koshi sub-basin and Pachuwarghat for both Indrawati and Sunkoshi-Bhotekoshi sub-basin. It is noted here that the Likhu river sub-basin has an insignificant snow covered area and thus was included in the SWAT domain. The sub basins with the river reaches, inlet and outlet points are shown in Fig. 3 .
Five slope classes (0-5%, 5-10%, 10-20%, 20-50% and >50%) were applied and the slope grids were reclassified based on the DEM. These were combined with the landuse and soil data to define the HRUs to each sub-basin.
Daily data from 16 rainfall stations, 12 temperature stations and 3 synoptic stations (daily wind speed, relative humidity and solar radiation data) were used for the period of 1976-2008 ( Fig. 3) . Missing temperature data for various stations were filled using an elevation correction approach with the data from a reference station and monthly lapse rate calculated comparing with the reference stations. 
Sensitivity analysis
Sensitivity analysis was carried out in order to evaluate the response of model output with reference to change in various flow related parameters. A Latin Hypercube Sampling and One-at-a-time sensitivity analysis (LH-OAT) method was applied using the observed flow. Top ten sensitive parameters affecting flow were then further used in calibrating the model.
Results and discussion
Flow characteristics
Flow in the Koshi River is the combination of snow melt runoff and rainfall. The observed daily flow data (from 1977 to 2008) at the outlet station Chatara (catchment area of 54,100 km 2 ; DHM, 2008) showed that it carries a flow of 1500 m 3 s −1 on average. However, the inter-annual variation is quite high, ranging from 618 m 3 /s to 2055 m 3 /s. The monthly minimum and maximum flows for this period were 231 and 6180 m 3 /s respectively. The daily minimum and maximum flow values recorded during this period are respectively 201 and 11,900 m 3 /s, with the coefficient of variation greater than one. It shows that daily fluctuation of flow in the dry season is quite low while it is very high during monsoon season as depicted in Fig. 8 . It is because the monsoon flow is mainly governed by rainfall which is a common characteristic in all rivers of Nepal (Sharma, 1997; Thapa and Pradhan, 1995) . An instantaneous maximum flow of 24,000 m 3 /s was recorded in 1980. The instantaneous flow for this period is, thus, more than double of the daily maximum. After comparison of the simulated flows for the historical period with the observed daily flows, the average of the simulated daily flow was found only 2% lower than the average observed flow. However, the daily minimum and maximum simulated flows were respectively 14% higher and 19% lower than those of the observed flow. This implies that there is a slight overestimation of low flows and underestimation of the high flows by the model.
Model results
Model calibration
The observed flow time series at the outlet station, Chatara, was divided into three distinct periods, the 'warming-up', 'calibration ' and 'validation' periods, i.e. from 1986-1990, 1991-2000 and 2001-2006, respectively. Observed versus simulated hydrographs are shown in Fig. 4 . In Fig. 5 cumulative volume of flows for the simulation period is shown. From these graphs it can be clearly seen that the model simulates the flow very well and the hydrographs are in good agreement with the rainfall pattern. The high values of the Nash-Sutcliffe efficiency (E NS = 0.97) and the coefficient of determination ( R 2 = 0.98) and the small volume difference between the observed and simulated values of 0.21%, show a very strong predictive capability of the model.
Validation
Figs. 6 and 7 show the comparison between observed and simulated flows for the validation period. Both graphs show that the simulated values are again in good agreement with the observed values. This is justified by the high E NS of 0.87 and R 2 of 0.88, and the small volume difference of 6.5%. However, for the year 2003, the model underestimates the flow. This underestimation may be due to erroneous data in the observed flow values. 
Future flow simulation
After simulation of the bias corrected ECHAM05 and HADCM3 daily results in the SWAT model, the climate change impacts on design floods were assessed.
These design values are of importance while constructing hydraulic structures like dams, embankments or bridges over rivers. They were derived from the annual maximum values based on the following steps:
i. Frequency analysis of annual instantaneous maximum flow recorded at the gauging station (Chatara) for different return periods (Q T,i ), where a Log-Pearson III distribution was calibrated to the observed flow. ii. Similarly, frequency analysis of annual maximum daily flows of the historic data for different return periods (Q T,d ) . iii. A ratio was then obtained by dividing the maximum instantaneous and daily flows for each return period T, i.e.
iv. Frequency analysis of annual maximum daily flows of the projected period for different return periods (Q T,d ). v. Calculation of instantaneous maximum flows (Q T,i ), also called design floods, by multiplying the maximum daily flows derived from the projected series for different return periods with ratio obtained from step (iv) for the respective return periods, i.e.
Comparison of flow statistics of historical and projected flow series
To consider a 20-year period for both the historical and future series, the historical (observed) flows were limited to the period 1987-2006. The period 2040-2060 was considered for the future (RCM based) flows. The 20-years period was further divided into 2 parts of 10 years each to assess the changes within the periods. Note that model based future flows were compared with the historical observed data in this study. The flow statistics of historical and projected flow series are presented in Table 2 . The data show that the estimated average future flow is slightly less than the baseline flow of 1987-1996, except for the ECHAM05 results and the 2050s. From the water availability point of view, climate change is not going to impact greatly the basin water resources. However, both daily and monthly variations in flow are quite high. It demands for strong regulation of storage facilities such as the Koshi High Dam, in order to fulfill the downstream water requirements for irrigation, domestic and industrial uses, to generate stipulated hydropower and for flood control. Quite low value of the safe yield (i.e. Q 95 : probability of exceeding the given flow by 95% of the time) and very high values of flood flows (Q 1 and Q 0.1 ) justifies the need of such water storage.
Change in annual flow
Comparison of the annual average flows between the historical data and future flows, show a slightly decreasing trend of about 15 m 3 /s per year (Fig. 9 ). Sharma et al. (2000) also found decreasing flow trends for the Koshi River when analyzing the flow data of 1974-1994. Similar observations were made for other major Nepalese rivers such as Narayani, Karnali, Kaligandaki (WECS, 2011). However, the increasing trend on the annual average flow of 17 m 3 /s (25 m 3 /s by ECHAM05 and 10 m 3 /s by HADCM3) is clearly seen in both projected cases (ECHAM05 and HADCM3). 1987-1996 (baseline) 1997-2006 2041-2050 2051-2060 2041-2050 2051-2060 Qavg 1654 1987-1996 1997-2006 2041-2050 2051-2060 2041-2050 2051-2060 (ICIMOD, 2009 ). However, possible water withdrawals from the river under no storage condition or the storage reservoir capacity and/or operation of the reservoir depend on the monthly availability of the flow and its variation. To evaluate this aspect of flow, the percentage change in the decadal average of monthly flows for the projected periods versus the baseline average monthly values were calculated and are depicted in Table 3 . The changes in monthly flows vary from decreases with 30% to increases by more than 27%. Most of the flow is decreasing during the lean period and increasing in June and July, which are in the period of high flows. This means that unfavorable water withdrawal conditions are more likely in the future. It demands higher volumes of water to be stored to meet the dry season water demand if water storage projects such as the Koshi High Dam are constructed. Changes in the operation rules moreover become a necessity to deal with these changes in monthly flows ultimately. 
Early shifting of peak flow
Changes in the timing of water flows or water availability in the river are of special importance for the water management. Temporal shifting of monthly peak flows from July to August was observed in the Bagmati River Basin by Sharma and Shakya (2005) , while Shrestha (2004) found early shifting of peak flows along the Kaligandaki River in western Nepal. To assess if there is any shift in timing of river flows, 10 year average monthly flow hydrographs for the historical and future periods are plotted in Fig. 10 . The figure suggests a clear shift of peak monthly flows from August under existing conditions (baseline) to July for future projected conditions (ECHAM05). However, the shift in peak monthly flows is not distinct for the HADCM3 model. As an attempt to get more clarity, frequencies of highest monthly flows are presented in Table 4 . The table vividly shows that the maximum monthly flows in the Koshi River have been taking place in August for the baseline period. For the future scenarios, the number of cases of maximum flows occurring in June and July show that early shifting of the hydrograph peaks is likely.
Flows with different exceedance probabilities
Important values of flow duration curves, i.e., flows with 0.1%, 1%, 90% and 95% probability of exceedence for both observed and projected flows are listed in Table 2 for different decades. The table shows a significant increase in flows for 1% and 0.1% exceedance probabilities for the 2050s. They are as high as 57% (ECHAM05) and 31% (HADCM3) for the 1% exceedance flow and as high as three and half times (ECHAM05) and two times (HADCM3) for the 0.1% exceedence flow. However the 90% and 95% exceedance flows are decreasing by 25% as compared with the historical case for the same period. This result indicates a higher probability for extreme flows to increase and low flows, hence water availability, to decrease during the lean seasons in the future.
Flood frequencies and volumes
Frequency and volumes of peak flows and floods are essential information for the design of a dam with the objective of flood control. Before we can analyze such flood frequencies and volumes, we first need to define floods. A flood is in this study considered as any daily flow event for which the peak flow is higher than the long term mean daily flow plus one times the standard deviation ( + ) based on the baseline period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) . This flow equals 3257 m 3 /s (Table 2) . This definition is employed in previous studies by Sharma and Shakya (2005) and WECS (2011). Calculated number of flood days, maximum number of consecutive flood days and corresponding flood volumes are for both the historical and future periods given in Table 5 . It shows that the number of consecutive flood days is decreasing in the future. This obviously is due to the more intense rainfall. However, the number of such rainy days producing floods will be less. It moreover is noted that the number of consecutive flood days and the flood volumes is higher in the 2050s than in the 2040s. When the average of the flood volumes obtained from the ECHAM05 and HADCM3 results is considered to compute the future flood volume to be kept in the flood storage zone of the reservoir, an average maximum flood volume of about 2400 million cubic meter is obtained. The flood storage zone to be kept in the reservoir to accommodate such future flood should be three times more than the flood zone capacity estimated from the baseline data. 1987-1996 1997-2006 2041-2050 2051-2060 2041-2050 2051-2060 The impacts of climate change on water resources development works does not only depend on changes in the flood volumes but also on timing and magnitude of the peak flows. The magnitude of the floods is particularly important when we deal with hydraulic structures like the spillway of the dam to dispose the flood water and the embankments to contain the flood water within the river bed. Timing and duration of peak flows dictate the operation rules of the reservoir both for water use and safe disposal of flood water. Therefore, design floods were estimated for various return periods with and without climate change scenarios.
The estimated instantaneous floods for various return periods are for historical as well as future conditions given in Table 6 . Average values of the ECHAM05 and HADCM3 based floods were calculated. The following conclusions can be drawn from the results in Table 6. 1. For a given return period, the magnitudes of the future design flows are for both models higher than that of the historical ones. This shows higher future design flows. It demands higher capacity of the flow disposing structures such as the dam spillway and of the river embankments. 2. The higher flood values point out the insufficiency to assume that the design flood values are stationary over time. In other words, design standard should be revisited to consider the climate change in hydraulic infrastructure design, i.e. higher flood flows of lower return periods should be considered than what we are using now. For example, to design a hydraulic structure for a return period of 100 years (peak flow of 57,900 m 3 /s, Table 6 ), the results after the future projections show that we need to increase the design return period to more than 1000 years when historical design floods keep being applied (47,445 m 3 /s, Table 6 ). It can be observed from the table that the 10,000-year flood will become a 500-year flood under the future conditions considered in this study. These results suggest extreme increases in the instantaneous river flows. 3. The changes in design floods are different when they are based on one versus the other RCM. The design floods estimated from the ECHAM05 results are higher than those estimated form the HADCM3 model. It shows the existence of uncertainties in future estimations. This uncertainty should be taken into account when designing hydraulic structures. For example, for the 100-year return period flood, the ECHAM05 estimate is almost 50% higher than the HADCM3 estimate. 4. The ratio of future flow over the historical one is higher for higher return periods. In other words, if we want to adjust the design floods to accommodate to climate change, the adjustment depends on the return period considered. To simplify the analysis, an attempt was made to develop a relationship by calibrating the ratio of the future over historical peak flows versus the corresponding return periods (Fig. 11 ). The following relation was obtained:
where Q p is the future peak flow, Q h the historical peak flow and T the return period (years). The future design flood for a given return period can, thus, be estimated based on that relationship as follows:
Conclusion
This study assessed the expected climate change impact on river hydrology of the Koshi River and its implication on the proposed Koshi High Dam Project. Two Regional Climate Model future projection runs viz. PRECIS-HADCM3Q0 and PRECIS-ECHAM05 were acquired and used for this purpose. Both model runs are based on the IPCC SRES A1B scenario. The run results for daily rainfall, and maximum and minimum temperatures were bias corrected against observed historical data using the power transformation method for rainfall and the mean and standard deviation adjustment method for temperature. The objective functions used while performing bias correction were the Mean Bias Error (MBE) and Root Mean Square Error (RMSE) for the spatial variations and the coefficient of determination (R 2 ) for the temporal bias. Satisfactory improvement on MBE, RMSE and R 2 values have been obtained between observed and bias corrected data.
Bias corrected rainfall and temperature data were used in the calibrated and validated SWAT model to assess the future hydrological regime of the basin. The study found that climate change is less likely to pose the threat on average water availability in the Koshi River Basin. However, temporal variation in river flows is expected to increase in the future. Most of the flow is decreasing during the lean season and increasing during the high flow season. The future RCM based projections show a decrease in the long term monthly flow by more than 30% in the drier months and an increase by more than 25% in the high flow months when compared to the baseline values. The results suggest a shift of the peak monthly flow from August under baseline conditions to July under ECHAM05 based projected future conditions. However, the shift in peak monthly flow is not obvious for HADCM3. The peak flows for 0.1% exceedance probability are as high as three and half times the corresponding baseline value for ECHAM05 and two times for HADCM3.
Design flood estimation method was proposed to estimate the peak and flood flows for different return periods. The method is based on extreme value analysis of the daily maximum flows. The magnitudes of the design flood values were found to be higher than those based on the historical series. The flood magnitudes obtained from the ECHAM05 results are, however, higher than those estimated from the HADCM3 results. A relation was derived to estimate future design flood flows as a function of return period and corresponding historical design flood flow.
It was concluded that any design based on a 100-year design flood flow (57,900 m 3 /s) may need to be changed to a design flood flow for a return period of more than 1000 years, when based on historical data (47,445 m 3 /s), in order to account for the impact of climate change. The results in this study furthermore show that the 10,000-year return flood may occur on average every 500 years in the future. Amidst the uncertainties, these projections provide reasonable insight in support of alterations or re-consideration of design standards or design values of hydraulic structures if impact of climate change is to be taken into consideration during hydraulic design of water resources works.
